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Distribution maps of air dose rates around the Fukushima Dai-ichi Nuclear Power Plant were constructed
using the results of measurement obtained from approximately 6500 locations (at most) per measure-
ment period. The measurements were conducted 1 m above the ground using survey meters in ﬂat and
spatially open locations. Spatial distribution and temporal change of the air dose rate in the area were
revealed by examining the resultant distribution maps. The observed reduction rate of the air dose rate
over the 18 months between June 2011 and December 2012 was greater than that calculated from
radioactive decay of radiocesium by 10% in relative percentage except decontaminated sites. This 10%
difference in the reduction of the air dose rate can be explained by the mobility of radiocesium in the
depth direction. In the region where the air dose rate was lower than 0.25 mSv h1 on June 2011, the
reduction of the air dose rate was observed to be smaller than that of the other dose rate regions, and it
was in fact smaller than the reduction rate caused by radioactive decay alone. In contrast, the reduction
rate was larger in regions with higher air dose rates. In ﬂat and spatially open locations, no signiﬁcant
difference in the reduction tendency of air dose rates was observed among different land use classiﬁ-
cations (rice ﬁelds, farmland, forests, and building sites).
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Soon after the Fukushima Dai-ichi Nuclear Power Plant (FDNPP)
accident in March 2011, many groups measured the dose rates in
the air (hereinafter referred to as the “air dose rate”) at various
locations around the FDNPP using their measuring instruments;
these individually obtained data were reported separately. In
addition, the instruments used for these measurements werePower Plant; GIS, geographic
ncy; MEXT, Ministry of Edu-
, global positioning system.
, mikami.jaea@gmail.com
, yoshi-hoshide@nustec.or.jp
s-sato@jcac.or.jp (S. Sato),
chi-solutions.com (T. Sato),
ito@jaea.go.jp (K. Saito).
Ltd. This is an open access article uvaried and the procedure to obtain the air dose rate was not stan-
dardized. Therefore, these data were not suitable to use for con-
structing a single map of the dose rate distribution. However, some
comprehensive monitoring activities were performed. For example,
the air dose rates over wide areas in Fukushima Prefecture were
measured by Fukushima University soon after the accident
(Yamaguchi et al., 2011), and aircraft-based monitoring was con-
ducted by the Ministry of Education, Culture, Sports, Science and
Technology (MEXT) and the United States Department of Energy
(DOE) in May 2011 (MEXT and DOE, 2011). These data provided
valuable information on the contamination conditions around the
FDNPP; nevertheless, further comprehensive environmental
monitoring was desirable to obtain sufﬁcient data in terms of both
quality and quantity.
In order to take effective and appropriate countermeasures to
the environmental impacts caused by radioactive fallout from the
FDNPP accident, in June 2011 the MEXT commissioned the Japannder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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comprehensive investigation of the affected land environment.
Thus, the dose rate distribution mapping project began. One of the
activities of the project was to construct a reliable distribution map
of the air dose rate using standardized methods. A series of three
campaigns to measure the air dose rate was completed by the end
of the year 2012.
Measurements were conducted at approximately 2200 loca-
tions around the FDNPP from June to July 2011 in the ﬁrst campaign
(Saito et al., 2014), at approximately 1000 locations in the Tohoku
and Kanto regions from December 2011 to May 2012 in the second
campaign, and at approximately 6500 locations in an area with a
radius of approximately 80 km around the FDNPP in 2012 in the
third campaign, which consisted of two measurement periods
implemented in September and December of that year.
By analyzing these basic data that were systematically obtained
at many locations over several different periods, the air dose rate
characteristics, including the changes in the distribution over time,
will be discerned. In particular, air dose rate data periodically ob-
tained at exactly the same location are valuable for investigation of
the time-dependent weathering effects. Air dose rate data from
radiation monitoring stations are continuously obtained at same
locations; however, the monitoring stations are often situated at
locations that are not suitable for the investigation of weathering
effects. They are often set up on artiﬁcial foundations or located
near or on artiﬁcial structures. Findings obtained by present study
can be utilized for predicting the air dose rate distribution in the
future in natural environments and for the repatriation program for
evacuees.
In this paper, we report the distributionmaps of the air dose rates
measuredbetweenDecember2011andDecember2012 in the second
and third campaigns, anddiscuss their temporal and spatial change in
comparison with the results of the ﬁrst campaign from June 2011,
which have been reported separately (Saito et al., 2014).
2. Materials and methods
2.1. Region and locations of measurements
In the ﬁrst campaign from June 4 to July 8, 2011, measurements
were made in the region within a 100-km radius of the FDNPP and
other areas in Fukushima Prefecture. For the measurements, this
area was divided into 2 km  2 km grids for the areas within an
80 km radius of the FDNPP and into 10 km  10 km grids for the
areas more than 80 km from the FDNPP. Consequently, these
measurements were obtained from approximately 2200 locations
(Saito et al., 2014).
Before the beginning of the second campaign, aircraft-based and
other monitoring showed that quite large regions in east Japan had
been contaminated by radionuclides released from the FDNPP.
Therefore, reliable and detailed dose rate measurements on land
were required to estimate the impacts. Thus, in the second
campaign, measurements were made between December 13, 2011
and May 29, 2012, in and around the regionwhere the air dose rate
at 1 m above the ground was found to be greater than 0.2 mSv h1
according to previous aircraft-based and other monitoring.
Consequently, the investigated region extended approximately
300 km from the FDNPP over 11 prefectures, including Iwate,
Miyagi, Fukushima, Ibaraki, Tochigi, Gunma, Chiba, Saitama, Tokyo,
Kanagawa, and Yamanashi.
The regionwas divided into 5 km  5 km grids for those regions
where the air dose rate was greater than 0.2 mSv h1 and into
10 km  10 km grids for those where the dose rate was less than
that. In each grid, one speciﬁc location, typically in a public place,
was selected as the site for making the measurement. Wheneverpossible, locations that were used for dose rate measurement
during the ﬁrst campaign were chosen for making the measure-
ments in subsequent campaigns also. The same measurement
points within 80-km radial area centered around the FDNPP were
selected in each of the three campaigns as often as possible.
Uninhabited regions, such as mountain forests were excluded
from this investigation. In each grid, as often as possible, a location
with undisturbed ﬂat terrain and without large obstacles within a
5 m radius was selected for the air dose rate measurements.
The air dose rate measurements were made above soil, but not
above surfaces paved with asphalt or concrete, because the purpose
of present study was to measure the air dose rate resulting from
radioactive materials deposited onto ground soil. Because the radio-
active fallout resulting from the accident may have adhered to trees
and plants in forested regions, measurement locations where vege-
tation cover was minimal were selected. Places near gutters through
which rainwater ﬂows were also avoided for the measurements
because radioactive materials could accumulate in these places and
cause a locally inhomogeneous distribution of the air dose rate.
At each selected location, we conﬁrmed that the variation in the
air dose rates was within a factor of several within at least
3 m  3 m around the exact measurement location.
Some places were difﬁcult to access due to the closure of roads
damaged by the Great East Japan earthquake in 2011. Consequently,
the air dose rate measurements in the second campaignweremade
at 1016 locations.
The second campaign clariﬁed the features of the dose rate
distribution over wide regions in east Japan. The results conﬁrmed
that repeating dose rate measurements within a 80-km radial area
centered around the FDNPP will be important from the point of
view of long-term effects of the accident, because highly contam-
inated areas are mostly concentrated in that region.
In the third campaign, measurements were made twice in the
area within an 80-km radius of the FDNPP. The ﬁrst part of mea-
surements was made from August 14 to September 7, and the
second from November 5 to December 7, 2012. For these mea-
surements, the area within 80 km of the FDNPP was divided into
1 km  1 km grids, and one speciﬁc location in each grid was
selected as the measurement site. The other conditions were the
same as those in the second campaign. Some planned locations for
measurement were difﬁcult to access because of road closures,
dense vegetation, and other factors. Consequently, air dose rate
measurements were made at 6551 locations during the ﬁrst part
and at 6549 locations during the second part of the third campaign.
2.2. Measurement using survey meters
The gamma-ray spectrum obtained in the ﬁeld environment is,
in principle, different from that in a calibration room where the
survey meters were calibrated because the lower-energy compo-
nents of the spectrum are expected to be greater in the ﬁeld
environment. In particular, recognition of this effect is important in
cases where decontamination work was carried out. Therefore, to
obtain an accurate air dose rate, the output of the survey meter
should be energy compensated by taking into account its gamma-
ray energy response. The instruments used in these campaigns
were photon-energy compensated and calibrated within a year in
laboratories traceable to the Japanese primary standard.
For measurements of the air dose rate in terms of the ambient
dose, NaI(Tl) scintillation survey meters (TCS-171B or TCS-172B)
and an ionization-chamber type survey meter (ICS-323C) manu-
factured by HitachieAloka Medical, Ltd., were used depending on
the magnitude of the air dose rate in the ﬁeld. The ionization-
chamber type survey meter was used in the ﬁeld for air dose
rates of >30 mSv h1.
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above the ground. Many investigators were engaged in making
measurements; therefore, measurement conditions were stan-
dardized in principle as follows: the time constant of the survey
meters was set to 10 s, the measurement was readout after waiting
for 30 s, the readout was repeated ﬁve times, and the air dose rate
was taken as the mean value of the ﬁve readings. A protocol for
registration of obtained data was provided to the investigators who
worked on the on-site measurements, in order to standardize the
data collectionprocess to include the treatment of electrical devices.
2.3. Data recording
Prior to the second campaign, we developed an electronic data
collection system using tablet PC terminals for efﬁcient data
collection and processing (Fig. 1). The postal addresses and position
information of every location to be measured each day were dis-
played on the terminals for investigators visiting the target areas.
The longitude and latitude of the set-up location were automati-
cally acquired by the terminal.
Photographs were taken using a digital camera mounted on the
terminal to record the situation and conditions in the environment
surrounding a measurement location at the time when the mea-
surement was made. These photographic records were useful for
discussions between the on-site investigators and supervisors in
the ofﬁce, and they helped the investigators to revisit the same
places for the next measurement.
The monitoring data acquired on the air dose rates, the position
informationof themeasured locations, digital photographs, and soon
were recorded quickly and easily on the data collection server at the
ofﬁce via a mobile phone connection. To avoid registration mistakes,
the input datawere double-checkedon site by two investigators from
the team before transmission. The transmitted data were checkedFig. 1. Screenshots of the developed datagain at the ofﬁce in Tokyo. Thus, the advantages of using this
customized terminal include efﬁcient data handling and a reduction
in the possibility of the data being unreported and unrecorded.
2.4. Data analysis
Distribution maps of the air dose rates in terms of the ambient
dose measured by NaI(Tl) scintillation type or ionization-chamber
type survey meters at 1 m above the ground in the second
campaign and in the two periods of the third campaign were
created from the obtained dose rate data and positional data.
Correction of the measured air dose rate based on the half-lives of
the radionuclides was not implemented, because the radioactive
decay during the measurement periods was less than the mea-
surement uncertainty of the survey meter (~15%).
Temporal changes in the air dose rates were examined by
comparing the air dose rates obtained at the same location during
different periods. Although we intended to measure the air dose
rate at the same locations as previous measurements, as often as
possible, however, some locations had to be shifted to neighboring
locations due to changes in the site conditions. For estimation of the
temporal changes, measurement points that were within 20 m of
each other according to the position information obtained by the
global positioning system (GPS) were deemed to be the same po-
sition, because the positional resolution of the GPS is ~20 m.
3. Results and discussion
The created air dose rate maps in the second campaign and in
the two periods of the third campaign are shown in Figs. 2e4. The
distributions of the air dose rate were shown to be similar to those
of radiocesium deposition maps (Mikami et al., 2014) for both the
80-km zone (Figs. 3 and 4) and a wide area in east Japan (Fig. 2).a collection terminal on a tablet PC.
Fig. 2. Distribution map of air dose rate in terms of ambient doses measured using survey meters at 1 m above ground, from December 13, 2011 to May 29, 2012.
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Fig. 3. Distribution map of air dose rate in terms of ambient doses measured using survey meters at 1 m above ground, from August 14 to September 7, 2012.
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Fig. 4. Distribution map of air dose rate in terms of ambient doses measured using survey meters at 1 m above ground, from November 5 to December 7, 2012.
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Fig. 5. Two-dimensional scatterplots of the air dose rates measured from June to July 2011 (Saito et al., 2014) versus those measured from August to September 2012. (a) The whole
dose rate range; (b) the dose rate range < 5 mSv h1. Green triangles and red rectangles are data for decontaminated locations and for locations at which the ground surface had
signiﬁcantly changed, respectively. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
S. Mikami et al. / Journal of Environmental Radioactivity 139 (2015) 250e259256This indicates that radiocesium is the dominant radionuclide
contributing to the air dose rate.
3.1. Ratio of air dose rates in AugusteSeptember 2012 to those in
JuneeJuly 2011
Two-dimensional scatterplots of the air dose rates measured at
the same locations as described in Sections 2.1 and 2.4, fromAugust
to September 2012 versus those measured from June to July 2011
are shown in Fig. 5. A few tens of localities with low dose rates
showed a larger reduction in the air dose rate than most other lo-
calities within that dose rate range as shown in Fig. 5(b). A reduc-
tion in the air dose rate of more than 55% was conﬁrmed at 45
locations during these 15 months. It was ascertained through in-
terviews with local government ofﬁcials that decontamination
work had been conducted at 22 of those locations (indicated by
green triangles in Fig. 5), and obvious changes to the ground surfaceFig. 6. Two-dimensional scatterplots of the air dose rate measured from June to July 2011 (S
sets obtained at locations that had been decontaminated or at which the ground surface ha
interpretation of the references to color in this ﬁgure legend, the reader is referred to thedue to land cleaning or graveling were observed at 17 locations (red
rectangles in Fig. 5) by comparing photographs obtained of the
measurement sites.
To estimate the fraction of the air dose rate reduction due solely
to weathering effects, Fig. 6 shows scatterplots of the air dose rates
from AugusteSeptember 2012 versus those from JuneeJuly 2011
without the data sets obtained at the aforementioned 45 locations.
From the slope of the regression lines of the scatterplots in Fig. 6,
the ratio of the air dose rates from AugusteSeptember 2012 to
those from JuneeJuly 2011 was evaluated to be 0.68 ± 0.00, i.e.,
during this time interval, the air dose rate was found to have been
attenuated by 32%.
In addition to estimation using the slope of the regression lines,
the average values of the air dose rates at all locations with
repeated measurements were compared, excluding the decon-
taminated locations, because the slope of the regression line can be
changed by a few large values within the data. The result was thataito et al., 2014) versus those measured from August to September 2012, excluding data
d signiﬁcantly changed (indicated by green triangles and red rectangles in Fig. 5). (For
web version of this article.)
Table 1
Comparison of the average values of air dose rates (excluding locations of decontamination) between the ﬁrst and third campaigns.
Measurement campaigns Date Average value of air
dose rateb [mSv h1]
Ratio of air dose rate from the 3rd to those from the 1st (3rd/1st)
From average values Expected values from radioactive decay
1st Campaigna June 4eJuly 8, 2011 1.3 e e
1st Part of 3rd campaign August 14eSeptember 7, 2012 0.89 0.68 0.75
2nd Part of 3rd campaign November 5eDecember 7, 2012 0.83 0.64 0.71
a Saito et al. (2014).
b Data sets obtained at locations where the conditions of the ground surface signiﬁcantly changed were excluded.
Fig. 7. Ratios of average air dose rates from the third campaign to air dose rate ranges
from JuneeJuly 2011 (Saito et al., 2014).
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AugusteSeptember 2012 and JuneeJuly 2011. The ratio of the
average value of air dose rates of NovembereDecember 2012 to
those of JuneeJuly 2011was 0.64 (Table 1). In contrast, the expected
attenuation rate based on radioactive decay of radiocesium (134Cs
and 137Cs) is 0.71 for a time interval of approximately 18 months,
for an assumed initial ratio of 134Cs/137Cs of 1.00 in March 2011
(Komori et al., 2013). Thus, the observed reduction rate of the air
dose rate was greater than that calculated from the radioactive
decay of the radiocesium by 10% in relative percentage. This 10%
difference in the reduction of the air dose rate was attributed to
factors other than radioactive decay and the decontamination
work: that is, the weathering effect during the interval was esti-
mated to be about 10%. This result can be explained by the change
in the relaxation mass per unit area (g cm2) of the radiocesium
distribution in soil. The relaxation mass per unit area, called the
relaxation mass depth or b, is the depth at which the activity of
radiocesium reduces to 1/e of the activity at the soil surface. The
relaxation mass depth (b) was determined to be 1.9 g cm2 based
on an on-site study performed in Fukushima Prefecture in
December 2012 (Matsuda et al., 2014). The uncertainty at the 95%
conﬁdence limit arising from the b-value variationwas evaluated to
be 30e40% for estimating the air dose rate from the radiocesium
inventory in the ground soil. The b-value immediately after radio-
nuclide deposition onto the ground could be presumed to be
1.0 g cm2 according to ICRU53 (1994). The reduction rate of the air
dose rate due solely to the difference between the two b-values is
calculated to be about 18% on the basis of the dose conversion
coefﬁcients for different b values shown in ICRU53 (1994). Conse-
quently, it was presumed that the horizontal mobility of the
deposited radiocesium was small, and that the reduction of the air
dose rate was mainly due to migration of the radiocesium in the
depth direction, probably because the measured locations were
intentionally selected at undisturbed ﬂat ground soil. The hori-
zontal mobility of radiocesiumwas investigated by Yoshimura et al.
(2014) using USLE plots at several test ﬁelds in the 80-km zone after
the Fukushima accident, and they showed that the mobility is
generally small in undisturbed ﬁelds. This ﬁnding is in good
agreement with our results described above.
Furthermore, in order to estimate the changing situation of the
air dose rate in detail, Fig. 7 shows the ratios of the average air dose
rates obtained in both AugusteSeptember 2012 and Novem-
bereDecember 2012 to that of JuneeJuly 2011, as a function of the
magnitude of the air dose rate in JuneeJuly 2011, after excluding the
data from the decontaminated locations. The reduction of the air
dose rate was found to depend on the magnitude of the air dose
rate measured in JuneeJuly 2011. It was shown that in the dose rate
range less than 0.25 mSv h1, the reduction of the air dose rate was
smaller than that in the other ranges and smaller than the expected
level resulting from radioactive decay. Because the fraction of
natural nuclides contributing to the air dose rate might be signiﬁ-
cant in the lower dose rate region, the reduction rate was estimated
after across-the-board subtraction of 0.05 mSv h1 to account for
the contribution from natural radionuclides; i.e., 0.05 mSv h1 wassubtracted from every measured dose rate, and then the ratios of
average air dose rates were calculated in the same way as for Fig. 7
(Fig. 8). However, nomajor differences are observed between Figs. 7
and 8. Consequently, the contribution of natural nuclides to the air
dose rate ratios was insigniﬁcant. The results shown in Figs. 7 and 8
indicate that in the region of lower air dose rates, reduction of the
air dose rate has been inhibited by the effects of radiocesium
migration. This result may be explained in detail as follows. A small
portion of deposited radiocesium is considered to migrate from a
higher dose rate region to the neighboring lower dose rate region
and also in the opposite direction. When the migration rate is the
same, the effect appears to be greater for migration into the lower
dose rate region because the net migration amount of radiocesium
is greater in this direction; moreover, a signiﬁcant increase in dose
rate is observed when the original dose rate level is low.
3.2. Temporal change of air dose rate distribution
Fig. 9 shows the histograms of relative frequencies of air dose
rates for four different time periods as a function of the speciﬁed
magnitude of the air dose rate. The ﬁgure shows that the location
with an air dose rate smaller than 0.2 mSv h1 has been increasing
with time; in contrast, the location with an air dose rate greater
than 0.2 mSv h1 has been decreasing.
Fig. 10 shows the ratios of the air dose rates from December
2011eMay 2012, AugusteSeptember 2012, and NovembereDe-
cember 2012 to those from JuneeJuly 2011, classiﬁed according to
the land useerice ﬁelds, farmland, forests, and building sites
esurrounding the measurement locations. The land use classiﬁca-
tion was based on the geographic information system (GIS) of the
Ministry of Land, Infrastructure, Transport and Tourism. The co-
ordinates obtained using GPS at the measurement locations were
compared with the GIS data (MLIT, 2009).
Fig. 8. Ratios of average air dose rates from the third campaign to air dose rate ranges
from JuneeJuly 2011 (Saito et al., 2014) (after subtraction of the contribution of natural
nuclides on the assumption that the contribution is constant at 0.05 mSv h1).
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Fig. 10. Ratios of air dose rates in December 2011eMay 2012, AugusteSeptember 2012,
and NovembereDecember 2012 to those of JuneeJuly 2011 (Saito et al., 2014), clas-
siﬁed according to land use: rice ﬁelds, farmland, forests and building sites.
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the reduction trends for the air dose rate among these land use
classiﬁcations. This result can be interpreted by considering that
the measurement locations were selected to be ﬂat terrains and
relatively wide-open spaces without trees and buildings. Accord-
ingly, the situation and conditions surrounding the measurement
locations were not signiﬁcantly different from each other, even
when the neighboring land use classiﬁcations were different. These
observed characteristics of the dose reduction trendswere different
from the results derived from the air dose rates obtained by a car
survey, which showed that the reduction of air dose rate depended
on land use (Andoh et al., 2014). The cause of these different results
could be differences in the surrounding environment; in the case of
the car survey, the air dose rates were measured along roads that
were arbitrarily selected; in contrast, the measurement locations in
the present study were intentionally selected as described above.
The movement of radiocesium in undisturbed ﬁelds is generally
quite slow regardless of land use if the ﬁelds are not disturbed by
human activities (Yoshimura et al., 2014). Therefore, a difference in
dose rate attenuation tendency was not observed for different land
use types.0
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Fig. 9. Relative frequencies of air dose rates for four different time periods as a
function of a speciﬁed magnitude of the air dose rate.4. Conclusions
Distribution maps of the air dose rates around the Fukushima
Dai-ichi Nuclear Power Plant were constructed for three different
periods. Temporal changes in the air dose rates were examined
using the resultant monitoring data.
The weathering effect in the 18-month period from June 2011 to
December 2012 was estimated to be small. The relative percentage
reduction of the air dose rate was evaluated to be 10% greater than
that resulting solely from radioactive decay of radiocesium during
that interval. This difference can be explained by an increase in the
relaxation mass depth of radiocesium deposited to the ground soil.
Different temporal changes in the air dose rates were observed
depending on the initial air dose rate measured in 2011, i.e., in re-
gions where the air dose rate was less than 0.25 mSv h1, the
reduction rate of the air dose rate was observed to be smaller than
that of other regions and was even smaller than the expected level
resulting from radioactive decay. The relative frequency of moni-
tored points with an air dose rate smaller than 0.2 mSv h1 has been
increasing, while the frequency with a value greater than that has
been decreasing. The trend in the reduction of the air dose rate was
observed to be independent of land use.Acknowledgments
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